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Abstract: Excessive intercellular connection at confluency may be limiting further cell growth or a sign of aggressive
biology in the cell culture. As apical junction complex is a main component of cell-to-cell connection, we aimed to
investigate gastric cancer biology using Apical Junction Pathway score that we generated using Gene set variant
analysis (GSVA) of the “Hallmark Apical Junction” gene set. 1,239 gastric cancer patients from the Cancer Genome
Atlas (TCGA) and two GSE cohorts were included in this study. The cohorts were dichotomized using the median of
the score. Apical Junction Pathway score high gastric cancer was not consistently associated with increased cell
proliferation or immune cell infiltration. On the other hand, Apical Junction Pathway score high gastric cancer was
associated with significantly higher infiltration of stromal cells, such as endothelial cells; hence, increased neovascularization and angiogenesis in the tumor microenvironment (TME) were speculated. Gene set enrichment analysis
(GSEA) confirmed increased expression of epithelial mesenchymal transition (EMT) and angiogenesis in the high
Apical Junction Pathway score group (false discovery rate (FDR) <0.25). Lastly, the high Apical Junction Pathway
score group was associated with more aggressive clinicopathological characteristics, such as significantly higher
American Joint Committee on Cancer (AJCC) T-category and higher pathological stage, leading to worse diseasespecific survival and overall survival (P<0.05, respectively). In conclusion, enhanced Apical Junction Pathway score
gastric cancer was associated with aggressive clinical characteristics leading to shorter survival likely due to increased metastatic potential from EMT and angiogenesis.
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Introduction
It is well known that when cells reach confluency in the cell culture, excessive intercellular
connection compromise cell survival and further growth despite enough nutrition [1]. While
confluency in the cell culture dish is commonly
seen in the In Vitro setting, it is unclear whether similar mechanism occur in In Vivo setting
since tumor microenvironment (TME) In Vivo is
much more complex. Intercellular cell-to-cell
connection is one of the most important components to maintain cell polarity and the tissues. In epithelial cells, apical junction com-

plex is formed by tight junctions and adherens
junctions [2]. A complex set of transmembrane and peripheral proteins constitute both
tight junction and adherens junctions, such as
E-cadherin, Beta-Catenin, claudins, occludin
and more [3, 4]. Cancer cells with excessive
intercellular connection may have worse prognosis reflecting aggressive proliferation ability
that can achieve confluency, or it may have better prognosis due to plateaued proliferation by
reaching confluency.
With significant advance in technology, computational biology using RNA-Sequence (RNA-Seq)
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has been utilized more frequently. The singlesample gene set variant analysis (GSVA) is a
computational methodology, which can explore
the biological activity of a signaling pathway of
interest, and has been used to obtain a score
from the signaling pathway [5-8]. The benefit of
GSVA is that this approach can take coordination of multiple gene sets into account and
increase the explanatory power of the model [9,
10].
Gastric cancer is the fifth most diagnosed
malignancy worldwide [11] and the third most
common cause of cancer-related death globally in 2018 [12, 13]. Treatment for advanced
gastric cancer remain challenging despite significant advance in systemic chemotherapy and
treatment strategy [11, 14]. The most comprehensive genomic classification in gastric cancer was published by The Cancer Genome Atlas
(TCGA) in 2014 [15], yet integration of this
genomic classification into the treatment strategy is still in progress. With further advance
in molecular analysis, we ought to identify prognostic biomarkers to predict tumor biology as
well as therapeutic response in gastric cancer. Given multiple proteins and various genes
associated with Apical Junction Pathway, we
elected to use GSVA to obtain Apical Junction
Pathway score to dichotomize three large gastric cancer cohorts in order to analyze gastric
cancer biology. We utilized gastric cancer cohorts for this study, as the molecular pathogenesis of gastric cancer is significantly associated with E-cadherin, which harbors abnormalities in both germline and sporadic gastric cancers [16].
The current study was aimed to investigate if
gastric cancer with high Apical Junction Pathway score would 1) have significant proliferation ability leading to worse outcome or 2) halt
proliferation by reaching confluency leading to
improved outcome.
Materials and methods
Data acquisition from TCGA-stomach adenocarcinoma, GSE84437 and GSE26253
cohorts
Clinicopathological data for the TCGA-stomach adenocarcinoma (STAD) was obtained from
the Pan-Cancer Clinical Data Resource [17] and

2147

through cBio Cancer Genomics Portal [18],
as previously described [19-26]. Transcriptomic data of primary tumor samples with HTSeq software from Genome Data Commons
(GDC) portal of National Cancer Institute (NIH)
(https://cancergenome.nih.gov/, USA) using TCGA biolinks [27]. TCGA-STAD cohort includes
440 patients, of which 375 patients were identified to have both gene expressions from RNAsequence, clinicopathological data and survival data. Furthermore, we identified two more
large gastric cancer cohorts (GSE26253 and
GSE84437) with transcriptomic data, both of
which included 432 patients each [28-30].
While TCGA contained overall survival (OS) and
disease specific survival (DSS), both GSE26253
and GSE84437 contained only OS information.
With TCGA and two other cohorts being deidentified publicly accessible database, Institutional Review Board (IRB) was waived.
Gene set expression analyses
Log2-transformed normalized gene expression
data was used. The GSVA method [5] was utilized to obtain a GSVA score from gene expression data for the “HALLMARK_APICAL_
JUNCTION” gene set of the Molecular Signatures Database Hallmark gene set collection [31].
GSVA Bioconductor package (version 3.10)
were used. Within each cohort, tumor samples
were categorized into high and low apical junction pathway score groups using the median
GSVA score as cut-off. For gene set enrichment
analysis (GSEA) [32], GSEA software (version
4.1.0) and the Hallmark gene set collection
were used, as we described previously [33-38].
False discovery rate (FDR) threshold of 0.25
was used to deem significance.
Statistical analysis
Statistical analyses were performed using R
software (version 4.1.0, http:///www.r-project.
org/) and Bioconductor (http://bioconductor.
org/). OS was defined as the time from the date
of diagnosis to the date of death by any cause
and DSS as the time from the date of diagnosis
to the date of death by gastric cancer. KaplanMeier method with log-rank test was performed for survival analyses. Mann-Whitney U test,
Kruskal-Wallis test or Fisher’s exact test were
used to determine the significance of differ-
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ences for groups. A two-sided p value <0.05
was considered statistically significant.
Results
Gastric cancer with activated apical junction
pathway was not consistently associated with
cell proliferation
Activation of Apical Junction Pathway in gastric
cancer was quantified using the GSVA score
based on the Hallmark Apical Junction gene set
in all three cohorts (Figure S1). Each gastric
cancer cohort was dichotomized into the high
and low group by the median value of Apical
Junction Pathway score.
Since Apical Junction Pathway is activated
when cancer cells reached confluency in the
cell culture dish, it was of interest whether gastric cancer patients with enhanced Apical Junction Pathway was associated with increased
or decreased cell proliferation. While MKI67
expression and proliferation markers were
lower in the Apical Junction Pathway enhanced
group in the GSE84437 cohort, there was no
difference in MKI67 expression or grade by
Apical Junction Pathway activation in TCGA
(Figure 1A). Furthermore, we used GSEA to
investigate if the high Apical Junction Pathway
score group would enrich any cell proliferationrelated gene sets, such as G2M CHECKPOINT,
E2F TARGET and MYC TARGETS V1/V2. We
found that there was no consistent enrichment
of cell proliferation-related gene sets, although
there was a trend to enrich to the low score
group in both of the cohorts (Figure 1B).
Therefore, there was a trend that cell proliferation was less in the high Apical Junction
Pathway score group, however, without consistent significance in two cohorts.
Gastric cancer with activated apical junction
pathway was not associated with uniformly
high infiltration of immune cells
Given that Apical Junction Pathway is activated
with cell-cell contact, and that abundant presence of tumor infiltrating lymphocytes (TILs) in
the tumor microenvironment (TME) is often a
favorable marker in survival in multiple cancer
types [39, 40], we investigated if gastric cancer with high score was associated with high
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infiltration of immune cells. Indeed, some of
gastric cancers such as Epstein-Barr virus
(EBV) positive or microsatellite instability high
(MSI-high) gastric cancers have increased mutation burden and enhanced immunity [15]. On
the contrary to our expectation, silent and nonsilent mutation rate as well as copy number
alteration that are known to attract immune
cells were all lower in the high Apical Junction
Pathway score group (Figure 2A). We further
examined immune cell composition using xCell
algorithm in the TME of both high and low Apical
Junction Pathway score groups. Similarly, there
were no uniform infiltration of immune cells by
the Apical Junction Pathway score; CD4 memory T cell, T Helper type 1 cells and NK cells were
low while M1 macrophages were high in the
high score group (Figure 2B). These results
suggest that activated Apical Junction Pathway
does not reflect infiltration of immune cells.
Gastric cancer with high apical junction pathway score was associated with high fraction of
stromal cells including fibroblasts, adipocytes
and vascular endothelial cells in tumor microenvironment
Since Apical Junction Pathway Score was not
associated with cell proliferation or with immune cell infiltration that were thought to
increase cell-to-cell contact, we further investigated the other cellular composition in the
TME of the high Apical Junction Pathway score
group, using xCell algorithm. The high Apical
Junction Pathway score group was associated
with significantly higher number of stromal
cells, such as fibroblasts, adipocytes, endothelial cells including microvascular (mvE) and lymphatic endothelial (lyE) cells and pericytes,
which are the cells contributing to angiogenesis
and lymphangiogenesis (Figure 3). These findings suggested that Apical Junction Pathway is
activated in gastric cancer with enhanced neovascularization and angiogenesis in the TME,
leading to possible increased lymphatic as well
as distant metastatic potential.
Epithelial mesenchymal transition as well as
angiogenesis were activated in gastric cancer
with high apical junction pathway score
Given that Apical Junction Pathway Score was
associated with infiltration of stromal cells in-
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Figure 1. No strong association was observed between tumor proliferation and Apical Junction Pathway score. (A) With TCGA cohort, there was
no difference in MKI67 expression and Grade between high and low Apical Junction Pathway score groups. With the GSE84437 cohort, while
MKI67 expression and proliferation were higher in the low Apical Junction Pathway score group (P<0.001, respectively). (B) None of proliferation related gene sets, including G2M CHECKPOINT, MYC TARGETS V1/
V2 and E2F TARGET were enriched in the high Apical Junction Pathway
score group on GSEA (B). TCGA, the cancer genomic atlas; GSEA, gene
set enrichment analysis.
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Figure 2. No strong association was observed between immunogenicity and Apical Junction Pathway score. A. With TCGA cohort, there were no consistent data to
suggest strong immunity in the high Apical Junction Pathway score group. Silent and non-silent mutation rates as well as CNA are higher in the low Apical Junction
Pathway score group, while neoantigens, intratumor heterogeneity, and homologous recombineation defects were not different between groups. B. xCell algorithm
was used to exam immune cell composition in the TME of both high and low Apical Junction Pathway score groups. There were no consistent data in the immune
cell composition based on the Apical Junction Pathway score; while some anti-cancer immune cells such as CD4 memory T cell, Helper T cell 1, and NK cells were
high in the low score group in all three cohorts, CD8 T cells and M1 macrophages were rather higher in the high score group in only one cohort (GSE84437). TCGA,
the cancer genome atlas; CNA, copy number alterations; TME, tumor microenvironment; NK, natural killer.

2151

Am J Cancer Res 2022;12(5):2146-2159

Enhanced apical junction pathway score gastric cancer
Figure 3. xCell algorithm demonstrated that gastric cancer with high Apical Junction Pathway score was associated
with high fraction of stromal cells in TME, such as fibroblasts, adipocytes, endothelial cells and pericytes in all three
cohorts. TME, tumor microenvironment.

cluding vascular endothelial cells and not with
cell proliferation nor with immune cell infiltration, we utilized GSEA to investigate which pathways were enriched in the high Apical Junction
score gastric cancer. The high Apical Junction
Pathway score group significantly enriched EMT
in addition to angiogenesis and myogenesis
gene sets among the Hallmark collections consistently in both TCGA and GSE84437 cohorts
(FDR <0.25; Figure 4). Hence, it is speculated
that high Apical Junction Pathway score gastric
cancers have higher metastatic potential due
to EMT and angiogenesis.
Gastric cancer with high apical junction pathway score was associated with more aggressive clinicopathological characteristics as well
as worse disease specific survival and overall
survival
Given strong association between the Apical
Junction Pathway score and cancer aggressiveness gene sets, we hypothesized that gastric
cancer with high Apical Junction Pathway score would have aggressive clinical phenotypes.
Indeed, gastric cancer with enhanced Apical
Junction Pathway score was associated with
higher American Joint Committee on Cancer
(AJCC) T-category (P=0.003) and higher pathological stage (P=0.02) in the TCGA cohort.
Similar results in AJCC T-category and N-category (P<0.01, respectively) were observed in
the GSE84437 cohort (Figure 5). Furthermore,
gastric cancer with high Apical Junction Pathway score demonstrated worse DSS and OS
consistently in all three cohorts, TCGA, GSE84437 and GSE26253 (Figure 6). These results are likely because Apical Junction Pathway
score was associated with aggressive biology
and distant metastatic potential by angiogenesis and EMT.
Discussion
In the present study, we examined a total of
1,239 gastric cancer patients to investigate the
association between Apical Junction Pathway
score and gastric cancer biology as well as their prognosis, utilizing single-sample gene set
expression scoring. Apical Junction Pathway
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score was defined as the GSVA score of the
“HALLMARK_APICAL_JUNCTION” gene set using its median as a cut-off. Strength of GSVA is
that it allows us to constellate multiple genes
into one score instead of focusing on one specific gene, as the majority of signaling pathways are comprised of multiple gene sets. We
found that gastric cancers with high Apical
Junction Pathway score were not associated
with enhanced cell proliferation or increased
immune cell infiltrations in TME. On the other
hand, the score was significantly associated
with high infiltration of stromal cells in TME,
such as microvascular and lymphatic endothelial cells as well as pericytes, which is likely
reflection of increased angiogenesis and lymphangiogenesis. This result was echoed by
GSEA results that demonstrated that the high
score group was associated with increased
metastatic potential with enrichment of EMT
as well as angiogenesis gene sets consistently
in two cohorts. These characteristics translated into more aggressive clinical features, such
as advanced AJCC T stage, N stage, pathological stage, leading to worse disease specific and
overall survival with high Apical Junction Pathway score.
Apical junction complex, integrated by the tight
junction and the adherens junction, is a key
component for intercellular connection and
communication [2]. This system is crucial to
maintain polarity of the cell by restricting the
movement of lipids and proteins within the
plasma membrane and passing ions and molecules through the paracellular pathway [41].
Furthermore, a diverse numbers of molecules
of the apical junction complex, such as E-cadherin and claudins, are involved in the regulation of cell proliferation and gene transcription
[42] and have active roles in cancer [3]. For
example, E-cadherin is considered tumor suppressor and loss of E-cadherin expression is
thought to trigger EMT [3, 43, 44]. Also, claudins are another intercellular adhesion proteins, which are expressed in tight junctions.
Abnormal expressions of claudins have been
reported in various cancer types and the function as tumor promoter or tumor suppressor
depends on the claudin subtypes and cancer
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Figure 4. Expression of EMT, angiogenesis and myogenesis gene sets were enriched in high Apical Junction Pathway score gastric cancer on GSEA in both TCGA and
GSE84437 cohorts (FDR <0.25, respectively). EMT, epithelial mesenchymal transition; GSEA, gene set enrichment analysis; TCGA, the cancer genome atlas; FDR,
false discovery rate.
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Figure 5. Gastric cancer with high
Apical Junction Pathway score was
associated with more aggressive
clinicopathological characteristics,
such as higher AJCC T-category
(P=0.003) and higher pathological
stage (P=0.02) in TCGA cohort. Similar results in AJCC T-category and Ncategory (P<0.01, respectively) were
observed in the GSE84437 cohort.
AJCC, American Joint Committee on
Cancer; TCGA, the cancer genome
atlas.

types [4, 45-47]. Herein, we examined correlation between E-cadherin (CDH1) and claudin
(CLDN1) expression and Apical Junction Pathway score. While E-cadherin expression did not
differ between the groups, claudin was expressed significantly more in the high Apical
Junction Pathway score group (P=0.009; Figure
S2). This result speculated that claudin might
have been more associated with Apical Junction
Pathway score, although it is difficult to conclude and many other genes could be contributing to the score given that GSVA score is taking
multiple gene sets into account as a source.
Sustaining proliferative signaling or enhanced
proliferation is one of hallmarks of cancer [48].
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In general, the higher proliferation ability is, the
more aggressive tumor biology becomes. Our
group previously reported that the enhanced
cellular proliferation pathways, such as G2M
and E2F pathways, in breast cancers were associated with tumor aggressiveness and worse
biology [7, 8]. Given possible association with
apical junction pathway and cellular proliferation [3], we initially hypothesized that high
Apical Junction Pathway score gastric cancer
would have excessive intercellular connection
and have increased proliferation ability, leading to worse outcome in this group. However,
contrary to our initial hypothesis, Apical Junction Pathway score did not reflect enhanced
cell proliferation ability or halt proliferation by
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Figure 6. Gastric cancer with high Apical Junction Pathway score demonstrated worse DSS and OS in all three cohorts (P<0.05, respectively). DSS, disease-specific survival; OS, overall survival.

reaching confluency in gastric cancer. Since
TME In Vivo is much more complexed than the
cell dish In Vitro, a multitude of other factors
beyond confluency are confounding the outcome of the Apical Junction Pathway score gastric cancer. In order to further investigate other
possible factors, we examined the immune cell
infiltration in the high Apical Junction Pathway
score gastric cancer as immune cells are one of
the major component of TME in multiple cancer
types [24, 49, 50]. High Apical Junction Pathway score gastric cancer may have less favorable immune cells, such as CD4 memory T
cells, NK cells and Helper T cell 1 (Th1), but we
did not see any consistent data in xCell algorithm to draw strong conclusions; hence, Apical
Junction Pathway score was not associated
with uniform immune cell infiltration as well.
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Instead, high Apical Junction Pathway score
gastric cancer was associated with high infiltration of stromal cells, such as fibroblasts, adipocytes, endothelial cells, and pericytes, which
suggested enhanced angiogenesis. This result
was echoed by GSEA that enriched EMT as
well as angiogenesis gene sets to high Apical
Junction Pathway. These results indicated that
the high Apical Junction Pathway score group
would have increased metastatic potential through EMT as well as angiogenesis. EMT is a
known key process of cancer invasion and distant metastasis [16, 51, 52]. EMT is the differentiation process through which epithelial cells
gain mesenchymal phenotypes leading to invasion and dissemination, while normal epithelial
cells are tightly bound to each other [51].
E-cadherin is an important component in the
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EMT process as loss of E-cadherin expression
is necessary to initiate EMT [43, 52]. On the
other hand, cancer cells need to maintain epithelial phenotypes to colonize and develop distant metastasis [16]. As opposed to the binary
condition, EMT is now considered as a spectrum of transition between the epithelial and
mesenchymal phenotypes [51, 53, 54]. Additionally, angiogenesis is another well-known
hallmark of cancer [48] and risk factors of cancer progression in various cancer types including gastric cancer [55, 56]. On the other hand,
our group also previously reported that pancreatic cancer with mature vascularity is associated with better survival due to increased infiltration of anti-cancer immune cells [23]. Hence,
angiogenesis could be context dependent. The
present study demonstrated that angiogenesis
was likely the cause of poor survival in the high
Apical Junction Pathway score group.
Since the Lauren classification [57] or any other gastric cancer pathological classification
[58] information was not available in the present study, we were unable to calculate Apical
Junction Pathway score on diffuse type gastric
cancer, also known as linitis plastica. One of
main clinical characteristics of diffuse gastric
cancer is fibrotic transformation of the stomach with submucosal tumor infiltration, with significantly worse prognosis than the intestinal
type [59]. With the results from our study, we
cannot help but speculate that Apical Junction
Pathway score would be extremely elevated in
diffuse type gastric cancer. Furthermore, with
apical junction complex being a main component of intercellular connection and drug permissibility, we plan to further investigate association between Apical Junction Pathway score
and chemotherapy response, as there are currently no biomarkers available to guide chemotherapy regimens.
There are a few limitations in the present study.
While it is extremely useful to have clinicopathological with survival data attached with transcriptomic information such as TCGA, the publicly available databases have their own limitations, such as short term follow up, or limited
number of patients. Also, this study was based on gene expression of the solely surgically
resected primary tumor on all cohorts; thus,
the Apical Junction Pathway score might not be
applicable to metastatic disease sites. Similar-
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ly, even though we utilized three different cohorts, due to retrospective nature, selection
bias is possibly present as well. Further, the
present study does not include any In Vitro or
In Vivo experiments; therefore, all our findings
are based on exclusively association. Hence, it
could possible that enhanced Apical Junction
Pathway score may reflect a simple biomarker
of advanced gastric cancer, instead of causation of increased metastatic potential. In order
to further investigate the clinical relevance of
Apical Junction Pathway score, the experimental approach with clinical correlation will be
required.
Conclusions
In the presented study, enhanced Apical
Junction Pathway score gastric cancer was
found to have worse survival than the low score
group. This was likely due to increased metastatic potential through EMT and angiogenesis
instead of increased cell proliferation. In conclusion, Apical Junction Pathway score could be
considered for a prognostic biomarker for gastric cancer.
Acknowledgements
This work was supported by National Institutes of Health (NIH) grant R01CA251545,
R01CA250412, R37CA248018, R01EB029596, and Department of Defense Breast Cancer
Research Program grant W81XWH-19-1-0111
and W81XWH-19-1-0674 to K.T. and National
Cancer Institute (NCI) grant P30CA016056 involving the use of Roswell Park Comprehensive
Cancer Center’s Shared Resources.
Disclosure of conflict of interest
None.
Address correspondence to: Dr. Kazuaki Takabe,
Department of Surgical Oncology, Roswell Park
Comprehensive Cancer Center, Elm & Carlton
Streets, Buffalo 14263, NY, USA. Tel: 716-8452918; Fax: 716-845-1668; E-mail: kazuaki.takabe@
roswellpark.org

References
[1]

Topman G, Sharabani-Yosef O and Gefen A. A
method for quick, low-cost automated confluency measurements. Microsc Microanal 2011;
17: 915-922.

Am J Cancer Res 2022;12(5):2146-2159

Enhanced apical junction pathway score gastric cancer
[2]
[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]
[14]

2157

Rusu AD and Georgiou M. The multifarious
regulation of the apical junctional complex.
Open Biol 2020; 10: 190278.
González-Mariscal L, Miranda J, Gallego-Gutiérrez H, Cano-Cortina M and Amaya E. Relationship between apical junction proteins,
gene expression and cancer. Biochim Biophys
Acta Biomembr 2020; 1862: 183278.
Gowrikumar S, Singh AB and Dhawan P. Role of
claudin proteins in regulating cancer stem
cells and chemoresistance-potential implication in disease prognosis and therapy. Int J Mol
Sci 2019; 21: 53.
Hänzelmann S, Castelo R and Guinney J. GSVA:
gene set variation analysis for microarray and
RNA-seq data. BMC Bioinformatics 2013; 14:
7.
Wang X, Sun Z, Zimmermann MT, Bugrim A and
Kocher JP. Predict drug sensitivity of cancer
cells with pathway activity inference. BMC Med
Genomics 2019; 12: 15.
Oshi M, Takahashi H, Tokumaru Y, Yan L,
Rashid OM, Matsuyama R, Endo I and Takabe
K. G2M cell cycle pathway score as a prognostic biomarker of metastasis in estrogen receptor (ER)-positive breast cancer. Int J Mol Sci
2020; 21: 2921.
Oshi M, Takahashi H, Tokumaru Y, Yan L,
Rashid OM, Nagahashi M, Matsuyama R, Endo
I and Takabe K. The E2F pathway score as a
predictive biomarker of response to neoadjuvant therapy in ER+/HER2- breast cancer.
Cells 2020; 9: 1643.
Su J, Yoon BJ and Dougherty ER. Accurate and
reliable cancer classification based on probabilistic inference of pathway activity. PLoS One
2009; 4: e8161.
Khatri P, Sirota M and Butte AJ. Ten years of
pathway analysis: current approaches and outstanding challenges. PLoS Comput Biol 2012;
8: e1002375.
Smyth EC, Nilsson M, Grabsch HI, van Grieken
NC and Lordick F. Gastric cancer. Lancet 2020;
396: 635-648.
Bray F, Ferlay J, Soerjomataram I, Siegel RL,
Torre LA and Jemal A. Global cancer statistics
2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185
countries. CA Cancer J Clin 2018; 68: 394424.
Siegel RL, Miller KD and Jemal A. Cancer statistics, 2020. CA Cancer J Clin 2020; 70: 7-30.
Al-Batran SE, Homann N, Pauligk C, Goetze TO,
Meiler J, Kasper S, Kopp HG, Mayer F, Haag
GM, Luley K, Lindig U, Schmiegel W, Pohl M,
Stoehlmacher J, Folprecht G, Probst S, Prasnikar N, Fischbach W, Mahlberg R, Trojan J, Koenigsmann M, Martens UM, Thuss-Patience P,
Egger M, Block A, Heinemann V, Illerhaus G,

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Moehler M, Schenk M, Kullmann F, Behringer
DM, Heike M, Pink D, Teschendorf C, Löhr C,
Bernhard H, Schuch G, Rethwisch V, von Weikersthal LF, Hartmann JT, Kneba M, Daum S,
Schulmann K, Weniger J, Belle S, Gaiser T,
Oduncu FS, Güntner M, Hozaeel W, Reichart A,
Jäger E, Kraus T, Mönig S, Bechstein WO,
Schuler M, Schmalenberg H and Hofheinz RD.
Perioperative chemotherapy with fluorouracil
plus leucovorin, oxaliplatin, and docetaxel versus fluorouracil or capecitabine plus cisplatin
and epirubicin for locally advanced, resectable
gastric or gastro-oesophageal junction adenocarcinoma (FLOT4): a randomised, phase 2/3
trial. Lancet 2019; 393: 1948-1957.
Cancer Genome Atlas Research Network.
Comprehensive molecular characterization of
gastric adenocarcinoma. Nature 2014; 513:
202-209.
Bure IV, Nemtsova MV and Zaletaev DV. Roles
of E-cadherin and noncoding RNAs in the epithelial-mesenchymal transition and progression in gastric cancer. Int J Mol Sci 2019; 20:
2870.
Liu J, Lichtenberg T, Hoadley KA, Poisson LM,
Lazar AJ, Cherniack AD, Kovatich AJ, Benz CC,
Levine DA, Lee AV, Omberg L, Wolf DM, Shriver
CD, Thorsson V and Hu H. An Integrated TCGA
pan-cancer clinical data resource to drive highquality survival outcome analytics. Cell 2018;
173: 400-416.
Cerami E, Gao J, Dogrusoz U, Gross BE, Sumer
SO, Aksoy BA, Jacobsen A, Byrne CJ, Heuer ML,
Larsson E, Antipin Y, Reva B, Goldberg AP,
Sander C and Schultz N. The cBio cancer genomics portal: an open platform for exploring
multidimensional cancer genomics data. Cancer Discov 2012; 2: 401-404.
Sporn JC, Katsuta E, Yan L and Takabe K. Expression of microRNA-9 is associated with
overall survival in breast cancer patients. J
Surg Res 2019; 233: 426-435.
Hoki T, Katsuta E, Yan L, Takabe K and Ito F.
Low DMT1 expression associates with increased oxidative phosphorylation and early
recurrence in hepatocellular carcinoma. J Surg
Res 2019; 234: 343-352.
McDonald KA, Kawaguchi T, Qi Q, Peng X, Asaoka M, Young J, Opyrchal M, Yan L, Patnaik S,
Otsuji E and Takabe K. Tumor heterogeneity
correlates with less immune response and
worse survival in breast cancer patients. Ann
Surg Oncol 2019; 26: 2191-2199.
Okano M, Oshi M, Butash AL, Asaoka M, Katsuta E, Peng X, Qi Q, Yan L and Takabe K. Estrogen receptor positive breast cancer with high
expression of androgen receptor has less cytolytic activity and worse response to neoadju-

Am J Cancer Res 2022;12(5):2146-2159

Enhanced apical junction pathway score gastric cancer

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

vant chemotherapy but better survival. Int J
Mol Sci 2019; 20: 4197.
Katsuta E, Qi Q, Peng X, Hochwald SN, Yan L
and Takabe K. Pancreatic adenocarcinomas
with mature blood vessels have better overall
survival. Sci Rep 2019; 9: 1310.
Takahashi H, Kawaguchi T, Yan L, Peng X, Qi Q,
Morris LGT, Chan TA, Tsung A, Otsuji E and Takabe K. Immune cytolytic activity for comprehensive understanding of immune landscape
in hepatocellular carcinoma. Cancers (Basel)
2020; 12: 1221.
Asaoka M, Patnaik SK, Zhang F, Ishikawa T and
Takabe K. Lymphovascular invasion in breast
cancer is associated with gene expression signatures of cell proliferation but not lymphangiogenesis or immune response. Breast Cancer
Res Treat 2020; 181: 309-322.
Takahashi H, Oshi M, Asaoka M, Yan L, Endo I
and Takabe K. Molecular biological features of
Nottingham histological grade 3 breast cancers. Ann Surg Oncol 2020; 27: 4475-4485.
Colaprico A, Silva TC, Olsen C, Garofano L,
Cava C, Garolini D, Sabedot TS, Malta TM, Pagnotta SM, Castiglioni I, Ceccarelli M, Bontempi G and Noushmehr H. TCGAbiolinks: an R/
Bioconductor package for integrative analysis
of TCGA data. Nucleic Acids Res 2016; 44:
e71.
Oh SC, Sohn BH, Cheong JH, Kim SB, Lee JE,
Park KC, Lee SH, Park JL, Park YY, Lee HS, Jang
HJ, Park ES, Kim SC, Heo J, Chu IS, Jang YJ,
Mok YJ, Jung W, Kim BH, Kim A, Cho JY, Lim JY,
Hayashi Y, Song S, Elimova E, Estralla JS, Lee
JH, Bhutani MS, Lu Y, Liu W, Lee J, Kang WK,
Kim S, Noh SH, Mills GB, Kim SY, Ajani JA and
Lee JS. Clinical and genomic landscape of gastric cancer with a mesenchymal phenotype.
Nat Commun 2018; 9: 1777.
Lee J, Sohn I, Do IG, Kim KM, Park SH, Park JO,
Park YS, Lim HY, Sohn TS, Bae JM, Choi MG,
Lim DH, Min BH, Lee JH, Rhee PL, Kim JJ, Choi
DI, Tan IB, Das K, Tan P, Jung SH, Kang WK and
Kim S. Nanostring-based multigene assay to
predict recurrence for gastric cancer patients
after surgery. PLoS One 2014; 9: e90133.
Yoon SJ, Park J, Shin Y, Choi Y, Park SW, Kang
SG, Son HY and Huh YM. Deconvolution of diffuse gastric cancer and the suppression of
CD34 on the BALB/c nude mice model. BMC
Cancer 2020; 20: 314.
Liberzon A, Birger C, Thorvaldsdottir H, Ghandi
M, Mesirov JP and Tamayo P. The Molecular Signatures Database (MSigDB) hallmark gene
set collection. Cell Syst 2015; 1: 417-425.
Subramanian A, Tamayo P, Mootha VK,
Mukherjee S, Ebert BL, Gillette MA, Paulovich
A, Pomeroy SL, Golub TR, Lander ES and Mesirov JP. Gene set enrichment analysis: a

2158

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl
Acad Sci U S A 2005; 102: 15545-15550.
Narayanan S, Kawaguchi T, Yan L, Peng X, Qi Q
and Takabe K. Cytolytic activity score to assess
anticancer immunity in colorectal cancer. Ann
Surg Oncol 2018; 25: 2323-2331.
Asaoka M, Ishikawa T, Takabe K and Patnaik
SK. APOBEC3-mediated RNA editing in breast
cancer is associated with heightened immune
activity and improved survival. Int J Mol Sci
2019; 20: 5621.
Takeshita T, Asaoka M, Katsuta E, Photiadis SJ,
Narayanan S, Yan L and Takabe K. High expression of polo-like kinase 1 is associated
with TP53 inactivation, DNA repair deficiency,
and worse prognosis in ER positive Her2 negative breast cancer. Am J Transl Res 2019; 11:
6507-6521.
Takeshita T, Yan L, Asaoka M, Rashid O and
Takabe K. Late recurrence of breast cancer is
associated with pro-cancerous immune microenvironment in the primary tumor. Sci Rep
2019; 9: 16942.
Katsuta E, Yan L, Takeshita T, McDonald KA,
Dasgupta S, Opyrchal M and Takabe K. High
MYC mRNA expression is more clinically relevant than MYC DNA amplification in triple-negative breast cancer. Int J Mol Sci 2019; 21:
217.
Takahashi H, Asaoka M, Yan L, Rashid OM,
Oshi M, Ishikawa T, Nagahashi M and Takabe
K. Biologically aggressive phenotype and anticancer immunity counterbalance in breast
cancer with high mutation rate. Sci Rep 2020;
10: 1852.
Rizvi NA, Hellmann MD, Snyder A, Kvistborg P,
Makarov V, Havel JJ, Lee W, Yuan J, Wong P, Ho
TS, Miller ML, Rekhtman N, Moreira AL, Ibrahim F, Bruggeman C, Gasmi B, Zappasodi R,
Maeda Y, Sander C, Garon EB, Merghoub T,
Wolchok JD, Schumacher TN and Chan TA.
Cancer immunology. Mutational landscape determines sensitivity to PD-1 blockade in nonsmall cell lung cancer. Science 2015; 348:
124-128.
McGranahan N, Furness AJ, Rosenthal R,
Ramskov S, Lyngaa R, Saini SK, Jamal-Hanjani
M, Wilson GA, Birkbak NJ, Hiley CT, Watkins TB,
Shafi S, Murugaesu N, Mitter R, Akarca AU, Linares J, Marafioti T, Henry JY, Van Allen EM,
Miao D, Schilling B, Schadendorf D, Garraway
LA, Makarov V, Rizvi NA, Snyder A, Hellmann
MD, Merghoub T, Wolchok JD, Shukla SA, Wu
CJ, Peggs KS, Chan TA, Hadrup SR, Quezada
SA and Swanton C. Clonal neoantigens elicit T
cell immunoreactivity and sensitivity to immune checkpoint blockade. Science 2016; 351:
1463-1469.

Am J Cancer Res 2022;12(5):2146-2159

Enhanced apical junction pathway score gastric cancer
[41] Baum B and Georgiou M. Dynamics of adherens junctions in epithelial establishment,
maintenance, and remodeling. J Cell Biol
2011; 192: 907-917.
[42] Matter K and Balda MS. Signalling to and from
tight junctions. Nat Rev Mol Cell Biol 2003; 4:
225-236.
[43] Agiostratidou G, Hulit J, Phillips GR and Hazan
RB. Differential cadherin expression: potential
markers for epithelial to mesenchymal transformation during tumor progression. J Mammary Gland Biol Neoplasia 2007; 12: 127133.
[44] Andersen H, Mejlvang J, Mahmood S, Gromova
I, Gromov P, Lukanidin E, Kriajevska M, Mellon
JK and Tulchinsky E. Immediate and delayed
effects of E-cadherin inhibition on gene regulation and cell motility in human epidermoid carcinoma cells. Mol Cell Biol 2005; 25: 91389150.
[45] Kohmoto T, Masuda K, Shoda K, Takahashi R,
Ujiro S, Tange S, Ichikawa D, Otsuji E and Imoto
I. Claudin-6 is a single prognostic marker and
functions as a tumor-promoting gene in a subgroup of intestinal type gastric cancer. Gastric
Cancer 2020; 23: 403-417.
[46] Yafang L, Qiong W, Yue R, Xiaoming X, Lina Y,
Mingzi Z, Ting Z, Yulin L and Chengshi Q. Role
of estrogen receptor-α in the regulation of claudin-6 expression in breast cancer cells. J
Breast Cancer 2011; 14: 20-27.
[47] Rendón-Huerta E, Teresa F, Teresa GM, Xochitl
GS, Georgina AF, Veronica ZZ and Montaño LF.
Distribution and expression pattern of claudins
6, 7, and 9 in diffuse- and intestinal-type gastric adenocarcinomas. J Gastrointest Cancer
2010; 41: 52-59.
[48] Hanahan D and Weinberg RA. Hallmarks of
cancer: the next generation. Cell 2011; 144:
646-674.
[49] Li B, Li T, Pignon JC, Wang B, Wang J, Shukla
SA, Dou R, Chen Q, Hodi FS, Choueiri TK, Wu C,
Hacohen N, Signoretti S, Liu JS and Liu XS.
Landscape of tumor-infiltrating T cell repertoire of human cancers. Nat Genet 2016; 48:
725-732.
[50] Giannakis M, Mu XJ, Shukla SA, Qian ZR, Cohen O, Nishihara R, Bahl S, Cao Y, Amin-Mansour A, Yamauchi M, Sukawa Y, Stewart C,
Rosenberg M, Mima K, Inamura K, Nosho K,
Nowak JA, Lawrence MS, Giovannucci EL,
Chan AT, Ng K, Meyerhardt JA, Van Allen EM,
Getz G, Gabriel SB, Lander ES, Wu CJ, Fuchs
CS, Ogino S and Garraway LA. Genomic correlates of immune-cell infiltrates in colorectal
carcinoma. Cell Rep 2016; 15: 857-865.
[51] Fares J, Fares MY, Khachfe HH, Salhab HA and
Fares Y. Molecular principles of metastasis: a
hallmark of cancer revisited. Signal Transduct
Target Ther 2020; 5: 28.

2159

[52] Moussa RA, Khalil EZI and Ali AI. Prognostic
role of epithelial-mesenchymal transition markers “E-Cadherin, β-Catenin, ZEB1, ZEB2 and
p63” in bladder carcinoma. World J Oncol
2019; 10: 199-217.
[53] Nieto MA, Huang RY, Jackson RA and Thiery JP.
EMT: 2016. Cell 2016; 166: 21-45.
[54] Pastushenko I, Brisebarre A, Sifrim A, Fioramonti M, Revenco T, Boumahdi S, Van Keymeulen A, Brown D, Moers V, Lemaire S, De Clercq
S, Minguijón E, Balsat C, Sokolow Y, Dubois C,
De Cock F, Scozzaro S, Sopena F, Lanas A,
D’Haene N, Salmon I, Marine JC, Voet T, Sotiropoulou PA and Blanpain C. Identification of
the tumour transition states occurring during
EMT. Nature 2018; 556: 463-468.
[55] Ren H, Zhu J, Yu H, Bazhin AV, Westphalen CB,
Renz BW, Jacob SN, Lampert C, Werner J, Angele MK and Bösch F. Angiogenesis-related
gene expression signatures predicting prognosis in gastric cancer patients. Cancers (Basel)
2020; 12: 3685.
[56] Takahashi Y, Kitadai Y, Bucana CD, Cleary KR
and Ellis LM. Expression of vascular endothelial growth factor and its receptor, KDR, correlates with vascularity, metastasis, and proliferation of human colon cancer. Cancer Res
1995; 55: 3964-3968.
[57] Lauren P. The two histological main types of
gastric carcinoma: diffuse and so-called intestinal-type carcinoma. an attempt at a histoclinical classification. Acta Pathol Microbiol
Scand 1965; 64: 31-49.
[58] Janjigian YY and Kelsen DP. Genomic dysregulation in gastric tumors. J Surg Oncol 2013;
107: 237-242.
[59] Blair VR, McLeod M, Carneiro F, Coit DG,
D’Addario JL, van Dieren JM, Harris KL, Hoogerbrugge N, Oliveira C, van der Post RS, Arnold J,
Benusiglio PR, Bisseling TM, Boussioutas A,
Cats A, Charlton A, Schreiber KEC, Davis JL, Pietro MD, Fitzgerald RC, Ford JM, Gamet K,
Gullo I, Hardwick RH, Huntsman DG, Kaurah P,
Kupfer SS, Latchford A, Mansfield PF, Nakajima T, Parry S, Rossaak J, Sugimura H, Svrcek
M, Tischkowitz M, Ushijima T, Yamada H, Yang
HK, Claydon A, Figueiredo J, Paringatai K, Seruca R, Bougen-Zhukov N, Brew T, Busija S,
Carneiro P, DeGregorio L, Fisher H, Gardner E,
Godwin TD, Holm KN, Humar B, Lintott CJ,
Monroe EC, Muller MD, Norero E, Nouri Y, Paredes J, Sanches JM, Schulpen E, Ribeiro AS,
Sporle A, Whitworth J, Zhang L, Reeve AE and
Guilford P. Hereditary diffuse gastric cancer:
updated clinical practice guidelines. Lancet
Oncol 2020; 21: e386-e397.

Am J Cancer Res 2022;12(5):2146-2159

Enhanced apical junction pathway score gastric cancer

Figure S1. Apical Junction Pathway score was calculated in the patients with gastric cancer in all three cohorts using
the GSVA score based on the Hallmark Apical Junction gene set. Shown is a histogram on the each cohort. GSVA,
gene set variant analysis.

Figure S2. E-cadherin (CDH1) and Claudin (CLDN1) expression were compared between the low and high Apical
Junction Pathway score groups using the TCGA cohort. While CDH1 was not different between the groups, CLDN1
expression was significantly higher in the high Apical Junction Pathway score (P=0.009). TCGA, the cancer genome
atlas.

1

